Abstract-
I. Introduction
Transport systems are more and more complex and they have to evolve to integrate more connected entities (mobile devices, connected vehicles, etc). Indeed, we can now provide optimal routes for the travelers but we are also able to update these routes in real time based on new network status (congestions, accidents, bus down, etc). Giving information to the traffic network users is generally good and allows the improvement of the global network traffic flows. However, without control, the massive spread of information via billboards, radio announcements and individual guidance may have perverse effects and create new traffic jams. Indeed, with this generalization of real-time traveler information, the behavior of modern transport networks becomes harder to analyze and to predict. It is then important to observe these effects to consider the proper methods to deal with them.
Indeed, nowadays traveler information systems have great benefits (alleviate congestion, reducing waiting/travel time), however they might have side effects. [3] listed three phenomena that can be observed after the use of advanced traveler information systems:
i Over-saturation: when travelers are confronted with too much information, they tend to ignore the information and try to solve the problem by their own means. ii Concentration: when traveler with same preferences are given the same routes, congestion is created. iii Over-reaction: if too many travelers respond to a provided alternative, congestion may be transferred from the original area to the alternative one.
In this paper, we evaluate by simulation the benefits and limits of real-time information provision to travelers, especially in disturbed situations. To this end, we use the multiagent paradigm, which is proven to be a powerful model to design and implement transportation applications. Indeed, the multiagent approach deals with systems consisting of many physically and/or logically distributed interacting components that possess some level of autonomy. These components are able to perceive their environment and also react to changes in that environment in accordance to their goals. That is why the multiagent approach is adapted to the transportation domain since it facilitates an approach by analogy in a domain where the objective is the management of distributed entities. The authors in [1] list several reasons for the privileged use of multiagent systems in these applications, such as the natural and intuitive problem solving, the ability of autonomous agents for the modeling of heterogeneous systems, the ability to capture complex constraints connecting all problem-solving phases, etc. This approach is particularly relevant for the simulation of travelers mobility since the objective is to take into account human behaviors that interact in a complex, dynamic and open environment [4] . Indeed, the concept of an agent is well suited for the representation of travelers in transit or road traffic scenarios. They are autonomous entities which are situated in an environment, adapt their behaviors to the dynamics they perceive and interact with others agents in order to achieve specific goals.
The remainder of this paper is structured as follows. In section II, we discuss the choice of the simulation platform and previous proposals for the impact of information on travelers. In section III, we detail the simulator design: its parameters and data, the behaviors of the agents in the system, the path planning and the representation of the network. In section IV, we describe our experiments before to conclude and describe some further work we are conducting.
II. State of the art
To design and implement a multiagent simulator, it is possible to develop an application directly in a host programming language. However, it is often faster, more useful and more efficient to ground the simulator on an existent multiagent simulation platform. In the context of transportation applications, one main choice criterion for the simulation platform is its ability to create geospatial agent-based models, i.e. its ability to integrate and process geographic data. Based on this criterion, we haven't considered several popular multiagent platforms such as Jade [2] , Mason [10] and Madkit [7] , for which it is difficult to integrate GIS capabilities.
Swarm [13] is a simulation platform that has a library allowing for the loading of layers of GIS data. However, it does not provide spatial primitives nor gives the possibility to store the resulted environment [16] . Netlogo allows to import and export GIS data and provides some basic geometrical operations, but not the more advanced spatial analysis operations. Gama [16] provides an environment for building spatially explicit agent-based simulations, while Repast Simphony [17] integrates a GIS library (Geotools), and provides additional GIS services (network modeling as a graph, computation of shortest paths, visualization and management of 2D and 3D data, etc.). Between all the available simulation platforms that fit with our requirements, the Repast Simphony platform is the most mature one and more importantly, it integrates several Api to deploy simulators over several hosts 1 . This is why our simulator SM4T is based on this platform.
Besides, there exists several multiagent simulators for travelers mobility. For instance, MATSim [11] is a widely known platform for mobility micro-simulation. However, the mobile entities in MATSim are passive and their state is modified by central modules, which limits its flexibility and its ability to integrate new types of (proactive) 1 The distribution of our simulator over several hosts is one of our ongoing works. agents. Transims [14] simulates multimodal movements and evaluates impacts of policy changes in traffic or demographic characteristics while Miro [5] reproduces the urban dynamics of a French city and proposes a prototype of multiagent simulation that is able to test planning scenarios and to specify individuals' behaviors. AgentPolis [9] is also a multiagent platform for multimodal transportation. However, none of these proposals considers connected travelers. In the proposal described in this paper, connected travelers routes are continuously monitored and alternatives are proposed to them in case of disturbances.
The impact of information on travelers choices and transport networks has also been investigated in the literature. In [8] , the authors present an analytic framework to evaluate path choices and travel time benefits resulting from real-time information. The disturbances are not taken into account in this model. In [6] , the author describe a case study implementing a simple agent-based route choice decision model within a microscopic traffic simulation tool. This study is circumscribed to drivers. This is also the case for [18] address a basic two-route scenario with different types of information and study the impact of it using simulations. Like in our approach, the road users are modeled as agents. As we can see, there exists several studies on the assessment of the impact of trafic information on travelers. However, to the best of our knowledge, there exists no multiagent simulation that was dedicated to the assessment of the impact of both fixed and mobile information on transit passengers, including connected travelers, especially with the consideration of disturbances.
III. Multiagent Simulator
We use the SM4T simulator [19] for the simulation of travels on an urban network. SM4T is a multiagent multimodal simulation platform that allows for the individual monitoring of travelers on an urban multimodal network. However, it has no representation of the information flows in the network. Hence, we have removed the road network travels from SM4T and enriched it with traveler information capabilities, both at the stops and with personal information. Here follows a description of the simulation as we are using it.
The simulator represents itinerary planers, passengers, public transport vehicles and information means in a micro-level and simulate their dynamic movements. To this end, it needs input data and some additional parameters.
A. Data and Parameters
The workflow of Figure 1 details one simulation execution and structures the remainder of the presentation. The simulation starts with the loading of the parameters (simulation duration, number of agents of each type, the default speeds of each agent type, etc.). Then, the main context program creates the logical graphs (described in section III-C) and launches the scheduler. The scheduler is responsible of the synchronization of execution of the agents per tick of simulated time. We have defined a scheduler that launches the active agents in parallel over all the available CPUs. When launched, each agent executes a step method. The behavior of each agent type is described in section III-B. Finally, when the simulation duration is reached, the results are reported and the simulation ends.
1) Data:
The input data (xml files) of the simulator are:
• the public transport network, • the transfer mapping, • the timetables of the public transport vehicles, • the pedestrian network, • the travel patterns, • the travelers profiles. A public transport network is composed of transport lines, each of them composed of a set of itineraries. An itinerary is composed of a sequence of edges. Each edge has a tracing in the form of a sequence of pairs longitude, latitude , and is composed of an origin node and a destination node. Finally, every node is defined by its name and coordinates. The transfer mapping is a table informing about the stops of the network for which a transfer by foot is possible and the road transport nodes that are reachable from the stops. The timetables of the vehicles are composed of a set of missions. Each mission corresponds to a specific itinerary and describes the path of a vehicle and the corresponding visit times. Each timetable is then a sequence of pairs stop, time . The pedestrian network is a subset of the road network in which pedestrians can move, and is undirected (pedestrians don't have to obey to the one-way limitations). A travel pattern clusters the considered geographic region in zones and describes the number of persons asking to leave or to join each region. The travelers profiles define the properties and preferences of the travelers. When passengers are connected, his preferences also define the accepted time gap between their computed itinerary and their real situation, before asking for a new up-to-date itinerary.
2) Parameters: a) Simulation duration: Two values define the duration of a simulation run. The first is an interval defining the first and last date that are simulated (noted τ − and τ + respectively). In the absence of these parameters, we use respectively the values associated to the maximum date and minimum date in the timetables of the public transport vehicles. The second value that has to be defined is the number of discrete ticks of time that the simulation will execute before terminating (noted δ henceforth). At each tick, all the agents are activated for a particular action defined by their behavior.
b) Agents speeds: The speeds of the agents are defined in two ways:
• Public transport vehicles: based on the input data, they are inferred from the stop, time pairs.
• Default: the simulator user defines speeds for pedestrian and public transport vehicles as a parameter. The user-defined public transport speed is used if two successor pairs stop, time give an inconsistent speed due to errors in the data 2 .
B. Multiagent System 1) Planner Agents:
The planner agents have the responsibility of computing the best itinerary for the traveler agents. A planner agent is created when an agent request is submitted to the system, and leaves the system right after. The planner agent bases its computation on the latest status of the networks. The graph representation and the paths calculations are described in section III-C. A road plan is composed of a sequence of edges together with their corresponding visit times. An itinerary is composed of a sequence of pairs id vehicle , itinerary , with id vehicle the identifier of the vehicle to take and the corresponding part of the itinerary.
2) Agents Movements: Each active agent has a list of coordinates that he has to follow, resulting from the itinerary that he received from a planner agent. Agents are allowed to move for a certain distance at each tick equal to σ P T vehicle or σ passenger depending on the type of agent. At each tick, the agent iteratively checks if he can move from his current coordinate to the next in his list. If not, he calculates the intermediate coordinate that corresponds with the remaining distance that he is allowed to travel. In the next tick, the agent can travel the remaining distance to the next coordinate.
3) Public Transport Vehicle Agents:
The public transport vehicle agents don't choose their origin and destination and obey to predefined timetables. Each vehicle agent when created, infers his itinerary from his timetable. While the vehicle agent has not reached his destination, he travels at each tick the allowed distance, following his current speed. When the vehicle reaches a stop, he looks in his onboard travelers who has to leave at this stop. If there are passengers onboard, they are moved to the same coordinates at the same time by the vehicle agent. That means that, when they are onboard a a vehicle, traveler agents delegate the control of their movements to the vehicle agent. Then the vehicle agent looks in the list of waiting travelers at the stop who has to take him. At each simulation tick, the vehicle agent checks if he has reached his destination. If so, he leaves the simulation.
4) Traveler Agents:
The origin and destination of the traveler agent are either inferred from travel patterns if they exist, or are chosen randomly. When they are not walking, traveler agents do not travel on their own, but share rides with other drivers and/or take public transport vehicles, which are responsible of their movements. The traveler agent alternates between walking and waiting for a vehicle.
C. Itinerary Planning
In order to avoid having passengers' shortest paths that pass by too many itineraries and thus result in too many transfers, we modify the public transport graph as follows (cf. Figure 2) . Let s 1 , s 2 an edge in the public transport graph. Let it 1 and it 2 two itineraries passing by this edge. We create four new vertices s 1 , s 2 that we connect with the edge that belongs to it 1 and s 1 " and s 2 " that we connect with the edge that belongs to it 2 . We also create four new edges s 1 , s 1 " , s 1 ", s 1 , s 2 , s 2 " and s 2 ", s 2 , that we note pedestrian edges and that are heavily penalized. When we run a shortest path algorithm on this new graph, the itineraries that are on the same vehicle/itinerary are encouraged and a transfer is only proposed when it is either impossible or really expensive to stay on the same vehicle.
After applying the A-Star shortest path algorithm on the resulting itinerary, the planner agent interrogates the stops of the best found itinerary to infer the sequence of vehicles that the traveler agent will have to take and sends back the result to the traveler agent.
D. Traveler Information Management
In this section, we describe the integration of traveler information into the SM4T simulator.
1) Local information Agents:
Local information agents represent devices that broadcast trafic information on screens or voice announcement at the stops. With SM4T, it is possible to circumscribe the broadcast of messages to nearby traveler agents. Every traveler, when he passes by a local information agent will get an update about the disturbances on the network (but no re-planning).
2) Travelers behaviors: Travelers that are not connected to a real-time information source base their calculation on a static view of the network. Once they have received an itinerary from the planner agent, they are on their own. They will wait for vehicles at the planned stops and will not change their itinerary until they either get stuck in a disturbance (delay or line disconnection) or they receive a local information about a disturbance. When they receive the information, they will infer the new status of the network by applying the modifications to their mental -and static -view of the transport network, and compute a shortest path based on that representation.
3) Connected Travelers behavior: Each connected traveler agent has his itinerary monitored. The monitoring purpose is to ask for a new itinerary in two cases: 1) the real position of the agent is different from the planned one with a certain gap Δ a (defined in the preferences of the agent); 2) there is an event on the transport network that impacts the traveler itinerary. The first case is handled by a behavior of the agents, since both the position of the agent and his plan are part of his knowledge. The second case however needs an interaction with the planner agent. Indeed, the planner monitors the itineraries of the travelers. To be aware of the only events that concern the agent, the planner subscribes the traveler to the only edges of the transport network that form his itinerary. When the travel time of an edge changes, the new travel time is broadcasted to the subscribing connected travelers. The planning process is then launched with the new travel times associated with the network.
E. Injecting disturbances
In order to validate the impact of real-time information, either at stops or personalized sent to individual As soon as a timetable is modified, the information is broadcasted to all local information devices at stops. This is a simplification of the real situation, because in real systems, only a subset of information is broadcasted to the local information devices. Selecting which information has to be sent to which information device is an issue for the transport operator. In the scope of this paper, our objective is not to validate operators strategies, which would deserve a specific work on their own. Hence, we do not filter this information and broadcast it to all devices.
When a timetable is modified, based on the planner agent listeners, the information about the delay or the breakdown is sent to the only connected travelers that are interested by these vehicles missions.
IV. Experiments and Results

A. Setup
We run our experiments on the city of Toulouse, France (cf. Figure 3) , for which we have detailed data, including urban travel patterns [20] . We have considered the public transport network of Toulouse, with 80 lines, 359 itineraries and 3,887 arcs. In our current simulations, our multiagent system is made of 7,180 buses 3 and from 5,000 to 30,000 passengers. Travel times are updated with real data from the ClaireSiti platform [15] . We also have created random disturbances on the transit network (delays and missions deletion) to validate the impact of these events on the different travelers categories. 3 In our simulations, we create one bus per mission.
B. Scenarios
We run six different scenarios, with four different numbers of traveler agents each. In the first scenario, no up-to-date information of any sort is given to the travelers. They only have the static description of the network and of the timetables. In the second scenario, information are given at some points of the networks. The information is only available for the passengers that are present in the concerned stations. No customer is connected in this scenario. The scenarios 3 to 6 represent the situations where local information is given to the travelers, and personal information is given to connected travelers: 20%, 50%, 80% and 100% of the travelers are connected, respectively. In each of these scenarios, we run 4 simulations with 5000, 10000, 20000 and 30000 passengers. For each of these 24 configurations, we report the mean travel times for the passengers.
C. Results
The results show that the scenario with no information provides the worst mean travel times. Indeed, in this scenario passengers will have the information about a delay or a breakdown when they are already stuck in a point of the network. While looking for an alternative, they will concurrently try to use the remainder of the network and might miss vehicles because of capacity constraints, and might also get stuck in another disturbance.
The scenario 2 (with exclusive local information) provides better results (23% in average) than scenario 1. The positive impact of local information is due to the fact that the traveler does not have to arrive until the disturbance location to be informed, he will get it as soon as he passes by a station where information is broadcasted. However, he still can head towards another disturbance, since his itinerary is based on static information.
The integration of a certain percentage of connected passengers improves the average travel times until 50% of connected travelers. This time, the new itinerary of the travelers is calculated based on the real network status, and the passengers will avoid the disturbed zone quite early. He does not has to pass by a station where local information is provided, the passenger will receive a notification and a new plan quasi-immediately. The improvement of the scenario 3, with 20% connected passengers, compared to scenario 2 is of 27% in average. Scenario 4, with 50% connected travelers provides better results than scenario 3, with 15% improvement in the mean travel time.
Starting from scenario 5, the results start to become worse. Indeed, with 80% of connected travelers for scenario 5 and 100% of connected travelers for scenario 6, most of the travelers get personal real-time information about disturbances in real-time and new up-to-date plans are generated simultaneously. The consequence is that the travelers will face capacity constraints of the vehicles and will see their mean travel times increase. The results are 15% worse for scenario 5 compared to scenario 4, and 23% worse for scenario 6 compared to scenario 5.
The mean travel times increase w.r.t the number of travelers, whatever the scenario. The increase of the mean travel time is not very big, because we adapted the vehicles capacity to the number of considered travelers.
V. Conclusion
In this paper, we have described the main building blocks of a an agent-based simulator for transit travelers. We have presented the main functionalities allowing, among other applications, for the simulation of information exchange in the network. We presented a multiagent simulation model to measure the impact of information provision on the quality of passengers travels. This impact is measured by simulating different scenarios in function of the percentage of connected travelers, represented as agents. These simulated scenarios are analyzed following their impact on the average travel times of the travelers. Results show that the number of connected travelers has a positive impact on overall travel times up until a certain threshold before becoming negative.
In the near future, we plan to develop scenarios with hundreds of thousands of passengers to verify that our results are coherent with real volumes of data. The distribution of the simulator on the cloud is also currently conducted [12] . Our second ongoing research concerns the optimization of the distribution of connected travelers over competitive paths and not send them all to the same itineraries. Finally, we are extending the current work on multimodal networks.
